In previous work, we documented the biodegradation of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) in an unsaturated cold-region surface soil and showed that acetonitrile (ACN) could inhibit RDX removal rates when used as a dispersant for the contaminant. Here, we document that the added ACN had an effect on microbial community development in the RDX-contaminated soil. In the absence of ACN, the soils showed a striking increase in microbial biomass and in biomarkers indicative of microfauna. A four-fold increase in the phospholipid fatty acid (PLFA) biomarkers 18:2w6 and 20:4w6 (approximately 4-16 mol %) coincided with a greater than two-fold increase in total microbial biomass (approximately 15-35 nmol g -1 PLFA). In the presence of ACN (1% aqueous concentration), these increases were not observed. The ACN-free soils also showed a significant decrease in PLFA biomarkers for Gram-negative bacteria (i.e., approximately 15 mol% decrease in w7 monounsaturated PLFA). This decrease was not observed in soils amended with 1% ACN. We concluded that the organic solvent interfered with microbial community development, specifically the trophic interaction between free-living protozoa and Gram-negative bacteria. Since the addition of 1% ACN increased the half-life for RDX from 29 to 48 days, the trophic interaction may be a necessary component in the development of an RDX-biodegrading microbial community.
INTRODUCTION
In a previous study, we demonstrated that RDX biodegradation proceeded at a rate seven times faster under water-saturated versus unsaturated soil conditions (Ringelberg et al. 2003) . We also showed that the enhanced rate of RDX biotransformation in the saturated soil was associated with the development of a unique microbial community composition (Ringelberg et al. 2005) . The watersaturated soils supported the development of a microbial community enriched in firmicutes and the alpha and delta classes of the proteobacteria. Species of the genera Clostridia, Rhodococcus, and Beijerinckia were specifically identified. All three of these genera contain species known to biodegrade/transform RDX (Bhushan et al. 2003 , Seth-Smith et al. 2002 .
* The microbiota within the unsaturated soils developed along a different path, showing enrichment in gammaproteobacteria and microeukaryotes, with no single organism being identified with a known capability to degrade RDX. It was concluded that soil moisture tension was a defining factor in the development of the soil microbial communities and that the resulting communities were either primed for RDX biodegradation (i.e. saturated) or not (i.e. unsaturated).
Others have reported that unsaturated surface soils of varying geochemical parameters can hold RDX for very long periods of time (Miyares and Jenkins 2000) . Yet some aerobic surface soils, such as the Alaskan soil studied here, show relatively short half-lives for RDX. Speitel et al. (2001) showed that the rate of RDX loss in an unsaturated surface soil was significantly affected by the addition of carbon and nutrients. Trophic interactions can also play a substantial role in microbial community development in the presence of xenobiotics. An increasing number of publications are identifying a direct role of protozoa in the biodegradation of organic pollutants (Kinner et al. 1998 , Zarda et al. 1998 , Cox et al. 1999 , Bouchez et al. 2000 , Mattison and Harayama 2001 . Of particular interest is the work of Mattison and Harayama (2001) , who showed an increase in toluene degradation rates (0.37 to 1.38 fmol cell -1 h -1 ) by Pseudomonas sp. strain PS+ in the presence of a soil flagellate. The results from these studies indicate that a variety of factors and inputs can affect the biodegradation of RDX in a surface soil.
In this report we describe certain consequences of using the organic solvent acetonitrile as a dispersant for RDX. Our previous work showed that acetonitrile, at 1% final volume in an unsaturated soil, inhibited RDX biodegradation by a factor of two. Here we show that the presence of acetonitrile also had a significant effect on microbial community development within the soil microcosms. The effect of ACN on the in situ microbiota was quantified by examination of phospholipid fatty acid (PLFA) profile changes over time. We considered scenarios where ACN acted as a toxicant and as an available source of carbon and/or nitrogen. We did not anticipate the finding that trophic interactions might have played a pivotal role in the development of an RDX-biodegrading microbial community within this surface soil.
METHODS
The surface soil used in this study was obtained from a training area within Ft. Greely, Alaska. The soil was passed through a 4.7-mm sieve and then hand mixed and air-dried at 45°C for 18 hours. The processed soil had a texture of 58% sand, 35% silt, 7% clay, a pH of 6.7, an organic matter content of 10.4% (on a dry weight basis), NO 3 -N at 4 mg kg -1 , NH 4 -N at 5 mg kg -1 , phosphorus at 4 mg kg -1 , potassium at 34 mg kg -1 , and Fe at 0.25 mg kg -1 . Individual soil microcosms were equilibrated by pre-incubation for 48 hours at 21°C (±2°C) at a soil moisture tension of 0.015 bar. Triplicate microcosms each received 5 g of soil (dry weight) and 1.43 mL of H 2 O (Milli-Q grade), or 0% ACN; 1.428 mL of H 2 O plus 2 µL of ACN (Burdick and Jackson, Muskeegon, WI), or 0.1% ACN; or 1.405 mL of H 2 O and 25 µL of ACN, or 1.0% ACN. Following the preincubation, each microcosm received 0.57 mL of aqueous RDX (35 mg L -1 ). Control (attenuated) microcosms were autoclaved at 120°C for 20 minutes three times, with an 8-hour resting period between autoclaving.
Microcosms were incubated in the dark at room temperature (21°C ±2°C) for a total of 840 hours without agitation. Three replicate vials were sacrificed at 0, 48, 168, 504, and 840 hours to obtain microbiological and contaminant data. RDX concentrations in the soils were quantified as described in detail in Ringelberg et al. (2003) . Briefly, soils were extracted in ACN for 18 hours with sonication at 15°C. Then 1 mL of the supernatant was analyzed on a C8 reverse-phase HPLC column. RDX was eluted in isopropanol:water (15:85, v:v) and detected by UV at 254 nm. Microbiological analyses were as described in Ringelberg et al. (2005) . Phospholipid fatty acids (PLFAs) were recovered from the soils using the method of White and Ringelberg (1998) . Microbial respiration was measured on a Columbus Instruments respirometer (Columbus, OH) as CO 2 off-gas in the headspace of a closed vessel that refreshed every 4 minutes with compressed air containing no CO 2 . Headspace CO 2 was measured above the microcosms during the 48-hour pre-incubation period and plotted as a cumulative concentration (µg CO 2 g -1 soil).
Analyses of variance (ANOVA) were conducted on PLFA molar percentages using commercial software (Statistica v.6.0, StatSoft, Inc., Tulsa, OK). Post hoc analyses for significance (α = 0.05) were made using the Tukey honest significant difference method.
RESULTS AND DISCUSSION
The soil used in this study had a demonstrated capacity for biological transformation of RDX (Ringelberg et al. 2003) . In previous work, we reported a 100% loss in the parent RDX moiety after 504 hours of incubation under a saturated condition and a 58% loss after 840 hours under an unsaturated condition (0.15 bar). The observed loss in RDX was attributed to biotic processes because significant microbial biomarker differences were detected between the controls and the active treatments at both soil water potentials. In the unsaturated soil, acetonitrile added to a final concentration of 1% was found to significantly inhibit RDX biotransformation (Fig. 1) . The half-life for RDX in the presence of 1% acetonitrile was 48 days, nearly twice that when acetonitrile was present at or below a final concentration of 0.1% (i.e. 29 days). However, a significant loss in RDX concentration was not observed until 504 hours into the incubation (Table  1) . A plot of the rate at which RDX was removed from the soil indicated that the greatest change was at 504 hours and in particular at 840 hours (Fig. 2) . It was at the final time point that the greatest shift in microbial community composition was observed. Changes in microbial biomass were monitored by measuring PLFA concentrations over time (Fig. 3) . All living cells are surrounded by a membrane containing polar lipids. Phospholipids are typically the most abundant of the polar lipids and, upon cell lysis (or cell death), become exposed to endogenous and exogenous phospholipases. The phospholipids are typically degraded within hours following cell death, making them ideal biomarkers for quantifying the living biomass (White et al. 1979 ). The only significant change in microbial biomass was recorded after 840 hours of incubation (Fig. 3) . Between the 540-and 840-hour sampling points, microbial biomass increased nearly two and half times when ACN was present at 0.1% or less. The 1% ACN exposure limited microbial biomass to a level similar to that measured in the attenuated controls.
Similar to total microbial biomass, differences in PLFA biomarkers representative of specific microbial taxonomic groups were found to be significantly different only at the final time point and at ACN concentrations of less than 1.0% ( Fig. 4) . The PLFA assay is commonly used to taxonomically identify microorganisms based on unique PLFA signatures (White and Ringelberg 1998) . In community analyses, quantified PLFA profiles can be used to define taxonomic responses to contaminant exposures (Ringelberg et al. 2001) . Between 504 and 840 hours of incubation, signature PLFA biomarkers indicative of microeukaryotes increased by 12-14% whereas biomarkers for Gram-negative prokaryotes decreased by 14-15% (Fig. 4) . No significant change in the percentages of any of the taxonomic groups was measured for the 1% ACN exposure.
The microeukaryotic PLFA biomarkers detected included ω3 and ω6 fatty acids, which represent microflora and microfauna, respectively (Lechevalier and Lechevalier 1988). The ω6 PLFA were reported to be at least ten times more abundant than the ω3 PLFA (Ringelberg et al. 2004) . Visual inspection of the soil revealed an abundance of ciliates, amoeba, and flagellates (Fig. 5) . Flagellates in the size range of 10-30 µm were by far the most abundant (data not shown). Ronn et al. (2002) suggested that medium-sized Gram-negative bacteria are often preferentially grazed over other bacterial types. In this study, we found that as the eukaryotic biomarkers increased, there was a corresponding decrease in the abundance of Gram-negative PLFA biomarkers (Fig. 4) . The decrease was primarily in those bacteria utilizing the anaerobic desaturase pathway for PLFA biosynthesis terminating in the ω7 series of monounsaturated PLFA (Fig. 6) . No significant change was observed among the ω5, ω8, or ω9 series, which are monounsaturated PLFAs derived via aerobic desaturation. Additionally, no significant loss in Gram-positive bacterial PLFA biomarkers was measured in any treatment. The differential response within the Gram-negative bacterial community and the lack of any significant change within the Gram-positive bacterial community supports the idea that size-selective grazing may have occurred.
Protozoan grazing can lead to increased bacterial activity within the population of bacteria being grazed. Mattison and Harayama (2001) showed that the rate of toluene degradation by Pseudomonas sp. strain PS+ was as much as 7.5 times greater in the presence of the bacterivorous flagellate Heteromita globosa. In this study, an inverse relationship was observed between PLFA biomarkers for microfauna and Gram-negative specific bacterial biomarkers (ω7 monounsaturates). The increase in the percentage of protozoan biomarkers and concurrent decrease in Gram-negative biomarkers correlated with increased rates of loss of RDX from the microcosm soil. Although protozoan grazing can also lead to the decimation of specific populations of bacteria, resulting in adverse effects on biodegradation activity (Bouchez et al. 2000) , the ω7 biomarkers remained at a substantial level throughout the incubation period (Fig. 6) .
Certain bacteria-Acinetobacter, Pseudomonas, Aeromonas, and Nocardia bacterial sp.-have also been shown to be capable of acetonitrile biodegradation (U.S. EPA 1985 , Nawaz et al. 1989 . During the pre-incubation period, amendments of increasing ACN concentrations resulted in increased rates of respiration (Fig. 7) . This result suggests that ACN may have served as an alternative carbon and/or nitrogen source for microbial metabolism. Coleman et al. (1998) showed that alternative sources of organic nitrogen can interfere with RDX biodegradation. However, microbial biomass was not significantly different between treatments at the start of the incubation period (Fig. 3) . In addition, the 48-hour sampling period did not show a significant enrichment in any of the microbial functional groups described in Figure 4 . Although ACN at 1% final volume may have induced an initial increase in microbial respiration, this effect did not translate into an effect on microbial community composition nor on the measured rate of RDX loss (Fig. 2) . 
CONCLUSIONS
Whether by the addition of an alternative carbon and or nitrogen source or by the inhibition of trophic interactions, the addition of acetonitrile to a soil to a final concentration of 1% significantly reduced in situ rates of RDX biotransformation over an 840-hour period. Careful consideration should be given to the use of any organic solvent as a contaminant dispersant in a soil when designing biotreatability studies to estimate rates of contaminant loss.
